The actions of different concentrations of insulin alone or in combination with follicle-stimulating hormone (FSH) were evaluated by in vitro follicular development and mRNA expression of cytochrome P450 aromatase (CYP19A1) and as receptors for insulin (INSR) and FSH (FSHR) from isolated, cultured goat preantral follicles. Goat preantral follicles were microdissected and cultured for 18 days in the absence or presence of insulin (5 and 10 ng/ml or 10 lg/ml) alone or in combination with FSH. After 18 days, the addition of the maximum concentration of insulin to the culture medium reduced follicular survival and antrum formation rates significantly compared to the other treatments. However, when FSH was added to the culture medium, no differences between these two parameters were observed. Preantral and antral follicles from the fresh control as well as from all cultured follicles still presented a normal ultrastructural pattern. In medium supplemented with FSH, only insulin at 10 ng/ml presented oocytes with higher rates of meiosis resumption compared to control, as well as oocytes in metaphase II. Treatment with insulin (10 ng/ml) plus FSH resulted in significantly increased levels of INSR and CYP19A1 mRNA compared to that with other treatments. In conclusion, 10 ng/ml insulin associated with FSH was more efficient in promoting resumption of oocyte meiosis, maintaining survival, stimulating follicular development, and increasing expression of the INSR and CYP19A1 genes in goat preantral follicles.
INTRODUCTION
Development of ovarian follicles, oocytes, and embryos depends upon the spatial and temporal expression of specific genes and a continuous supply of energy, hormones, and growth factors [1] . One of the hormones involved in this process is insulin, a polypeptide produced by pancreatic b cells, which is primarily involved in the regulation of serum glucose concentrations. Insulin is also involved in the regulation of cell growth and development in a wide variety of tissues including the liver, muscle, cartilage, mammary glands, and ovaries [2] .
In the ovary, insulin acts as an important mediator of follicular development, steroidogenesis, oocyte maturation, and subsequent development of the embryo [3] . It is routinely added to the culture medium of cells and tissues [1] . Insulin's actions are mediated through insulin receptors (INSR), which were first identified in the granulosa cells of antral human follicles [4] . More recently, it was shown that INSR are widely distributed throughout all ovarian tissues, including the granulosa and theca cells and stromal tissue in bovine species [5] .
Previous studies have shown that insulin is important in various reproductive processes, such as regulating the neurotransmitter synthesis of GnRH, and therefore in controlling gonadotropin secretion [6] . In mice, gonadotropins (luteinizing hormone [LH] and FSH) and insulin are considered major regulators of cell proliferation, differentiation, and survival in cultured ovarian follicles [7] . Insulin acts synergistically with FSH to promote granulosa cell differentiation and proliferation. It also facilitates FSH-dependent steroid production and LH receptor induction in cultured granulosa cells [8, 9] . In the presence of FSH, insulin is able to increase the production of estrogen and progesterone by granulosa cells in women [10] . In vitro studies with bovine granulosa cells cultured in serum-free medium demonstrated the ability of FSH to increase both the production of estradiol and the expression of CYP19A1 mRNA [11] . The presence of insulin has been shown to enhance this effect [12] .
However, in the case of exposure to nonphysiologically high levels of insulin and FSH, granulosa cells differentiate inappropriately, expressing LH mRNA from very early stages. Later they also show a divergent cumulus cell pattern of mRNA levels and protein synthesis. This, in turn, correlates with deleterious effects on the developmental capacity of oocytes [13, 14] .
Thus, although insulin is able to act on many organs, including the ovary, and is routinely used as an important supplement for in vitro culture of preantral follicles in several species, little is known about its effect with or without FSH during the in vitro development of goat preantral follicles. Given the importance of insulin and FSH in in vitro follicle culture systems, this study evaluated the effect of different concentrations of insulin, alone or in combination with FSH, on in vitro follicular development of isolated cultured goat preantral follicles. The effects that insulin and FSH had on CYP19A1 mRNA expression and on insulin and FSH receptors were also evaluated.
MATERIALS AND METHODS

Animals and Ovary Collection
Ovaries (n ¼ 60) from 30 nonpregnant, adult mixed-breed goats (Capra hircus) between 1 and 3 years of age were collected from a local abattoir (Fortaleza, CE). Immediately postmortem, pairs of ovaries were washed once in 70% alcohol and then twice in minimum essential medium buffered with HEPES (MEM-HEPES) and antibiotic agents (100 lg/ml penicillin and 100 lg/ml streptomycin). The ovaries were then transported within 1 h to the laboratory in tubes containing a washing medium at 48C [15] . Unless noted otherwise, supplements, hormones, and chemicals used in the present study were purchased from Sigma Chemical Co. (St. Louis, MO).
Isolation and Selection of Preantral Follicles
In the laboratory, the surrounding fatty tissues and ligaments were stripped from the ovaries. Ovarian cortical slices (1-2 mm thick) were cut from the ovarian surface, using a surgical blade under sterile conditions and subsequently placed in fragmentation medium consisting of MEM-HEPES with antibiotics. Goat preantral follicles, approximately 150-200 lm in diameter, without antral cavities (secondary follicles), were visualized using a stereomicroscope (model SMZ 645; Nikon, Tokyo, Japan) and mechanically isolated by microdissection from the strips of ovarian cortex by using 26-gauge needles. These follicles (one follicle/drop) were then transferred to 100-ll droplets containing basic culture medium for evaluation of quality. Isolated follicles from different ovaries (from several animals) were pooled and then randomly allocated to the treatment groups. Only secondary follicles that displayed the following characteristics were selected for culture: i) those with an intact basement membrane, ii) those with two to three layers of granulosa cells, and iii) those with a visible, healthy oocyte (approximately 60 lm in diameter) that was round and centrally located within the follicle, without any dark cytoplasm. Secondary follicles (approximately 400 from a total of 30 goats) were divided among the treatment groups, with approximately 40-60 follicles per group, depending on the experiment.
Culture of Isolated Goat Preantral Follicles
After follicles were selected, they were individually cultured (one follicle per droplet) in 100-ll droplets of culture medium under mineral oil in Petri dishes (60 3 15 mm; Corning). Incubation was conducted at 398C in 5% CO 2 in air for 18 days. The basic control medium, hereafter referred to as a-MEM þ , consisted of a-MEM (pH 7.2-7.4; Gibco, Invitrogen, Karlsruhe, Germany) supplemented with 3.0 mg/ml bovine serum albumin (BSA), 5.5 lg/ml transferrin, 5.0 ng/ml selenium, 2 mM glutamine, 2 mM hypoxanthine, and 50 lg/ml ascorbic acid. This work was divided into two experiments that occurred at different times. In the first experiment (n ¼ 24 ovaries; approximately 40 follicles per treatment group), the addition of four different concentrations of recombinant human insulin was used in the culture medium. Either 0, 5, or 10 ng/ml or 10 lg/ml was used. In the second experiment (n ¼ 36 ovaries; approximately 60 follicles per treatment group), these same concentrations of insulin were tested in the presence of human recombinant FSH (Nanocore, São Paulo, Brazil) in increasing concentrations (sequential FSH: Day 0 ¼ 100 ng/ ml; Day 6 ¼ 500 ng/ml; Day 12 ¼ 1000 ng/ml). On every other day, 60 ll of the culture medium was replaced with fresh medium (prepared and maintained for equilibration in a CO 2 incubator for 4 h prior to use) in each droplet. In all FSH treatments, a complete exchange of medium (100 ll) was performed every 6 days for a change in FSH concentration [16] . Concentrations of FSH and insulin were chosen based on our previous studies [16, 17] . The culture was replicated twice (experiment 1) or three times (experiment 2). It should be noted that ''controls'' in experiments 1 (basic medium without FSH) were not the same as those in experiment 2 (basic medium with FSH).
Morphological Evaluation of Follicle Development
Morphological aspects of all preantral follicles were assessed every 6 days, using a precalibrated ocular micrometer in a stereomicroscope (model SMZ 645; Nikon) at 1003 magnification. Only those follicles showing an intact basement membrane, with bright and homogeneous granulosa cells and an absence of morphological signs of degeneration, were classified as surviving follicles. Follicle degeneration was recognized when rupture of the basement membrane was observed, oocytes and surrounding cumulus cells were darkented, and misshapen oocytes or decreased follicle diameters were noted.
On every sixth day of culture (Days 0, 6, 12, and 18), the following characteristics were analyzed in the surviving follicles: i) antral cavity formation, defined as the emergence of a visible translucent cavity within the granulosa cell layers; ii) diameter of healthy follicles, measured from the basement membrane, which included two perpendicular measures of each preantral follicle; and iii) growth rate, calculated as the diameter variation during the culture period.
In Vitro Maturation of Goat Oocytes from Cultured Follicles and Viability Assessment
At the end of the culture period, all healthy follicles were carefully and mechanically opened with 26-gauge needles under a stereomicroscope (model SMZ 645; Nikon) for oocyte recovery. Previous studies demonstrated that goat oocytes smaller than 100 lm were unable to resume meiosis [18] . Considering this fact, only oocytes larger than 110 lm in diameter (including the zona pellucida and measured as described for the follicles), with homogeneous cytoplasm surrounded by at least two compact layers of cumulus cells, were selected for in vitro maturation (IVM) in our study. The percentage of oocyte recovery was calculated as the number of acceptable quality oocytes (grades I and II) recovered of the total number of cultured follicles.
COCs were washed twice with tissue culture medium (TCM) 199 buffered with HEPES (TCM 199-HEPES) and supplemented with 10% fetal bovine serum and 1 mM pyruvate. COCs were grouped (different treatments) in 50-ll droplets of IVM medium composed of TCM 199 supplemented with 1 mg/ml BSA, 0.911 mmol/L pyruvate, 5 lg/ml LH, 0.5 lg/ml FSH, 10 ng/ ml epidermal growth factor, 50 ng/ml insulin-like growth factor-1, 1 lg/ml 17b-estradiol, and 100 lmol/L cysteamine, all of which had been previously equilibrated at 398C under a humidified atmosphere of 5% CO 2 in air. Droplets were placed on culture dishes (30 3 15 mm) and covered with mineral oil. COCs were incubated under the same conditions for 32 h. After the maturation period, COCs were transferred to 50-ll droplets of TCM 199 medium with 10 ll of hyaluronidase, then denuded from cumulus cells by successive pipetting, and analyzed under fluorescence microscopy (Eclipse 80i model; Nikon) at 1003 magnification for the assessment of oocyte viability and chromatin configuration.
During this process, oocytes were incubated in 100-ll droplets of TCM 199-HEPES, to which 4 lM calcein-AM, 2 lM ethidium homodimer-1 (Molecular Probes, Invitrogen) and 10 lM bisbenzimide trihydrochloride (Hoechst 33342; Sigma) were added at 398C for 15 min. Thereafter, the oocytes were washed three times in TCM 199 and mounted on glass slides to be examined using fluorescence microscopy (Eclipse 80i model; Nikon) equipped with an image processor (NIS-Elements; Nikon). This method enabled us to measure oocyte diameter and assess viability and nuclear chromatin configuration. The fluorescent signals of calcein-AM, ethidium homodimer-1, and Hoechst were collected at 488, 568, and 365 nm, respectively. Oocytes were considered viable if the cytoplasm positively stained with calcein-AM (green) and if the chromatin was not labeled with ethidium homodimer-1 (red). While the first probe detected intracellular esterase activity of viable cells, the latter labeled nucleic acids of nonviable cells with plasma membrane disruption. Hoechst 33342 staining was used to evaluate the configuration of nuclear chromatin (blue) by observing the intact germinal vesicle (GV), meiotic resumption (including GV breakdown and metaphase I [MI]) or nuclear maturation (metaphase II [MII] ).
Hormone Assays
Spent medium was collected every 6 days during a culture period of 18 days and stored at À208C for subsequent estradiol (E 2 ) assays by enzymatic immunoassay. Estradiol concentrations in culture medium were determined CHAVES ET AL. using E2-EASIA kit (Diasource, Belgium), using a reaction mixture provided by the manufacturer. As biotine in culture medium may interfere with assay, steroid extraction in samples was performed. For each culture medium sample, a volume of 300 ll was extracted using 700 ll of ethyl acetate-cyclohexane (1:1, v:v). After vortexing and incubation for 5 min at room temperature, samples were centrifuged for 15 min (3000 3 g) and frozen in liquid nitrogen. The organic phase was transferred into new glass tubes and evaporated under air. Extracted samples were resuspended in 300 ll of Tris-EDTA buffer (0.1 M Tris, 1 Mm EDTA; pH 7.4) after vortexing for 5 min and overnight incubation at 48C. The overall efficiency of extraction was controlled using tritium-labeled E 2 (efficiency range, 70%-85%). E 2 standards (0.39 pg/ml-1600 pg/ml) were diluted in Tris-EDTA buffer. Standards and samples were added to plates (100 ll) in duplicates. E 2 coupled with horseradish peroxidase was added to plate (50 ll). Antibody from the enzymatic immunoassay kit was added in 50-ll droplets, and plates were incubated overnight at 48C under agitation. After incubation and washing five times with 0.4 ml of manufacturer-supplied washing solution, 200 ll of substrate solution (tetramethylbenzidine-H 2 O 2 -acetate/citrate buffer) was added to each well. After 30 min of incubation, reaction was stopped by addition of H 2 SO 4 solution (1.8 M), and absorbance at 450 and 650 nm was determined. The mean sensitivity 6 SEM observed with this assay agreed with that of the manufacturer (5 6 2 pg/ml), as well as intraand interassay precision (3.61% 6 1.7% and 4.4% 6 2.2%, respectively). As E 2 concentrations were detected over a range (5-800 pg/ml) for some samples, a second assay was performed with a 1:20 dilution in Tris-EDTA buffer.
Ultrastructure Analysis and the Expression for FSHR, INSR and CYP19A1 in Goat Preantral Follicles
Additional pairs of mixed breed goat ovaries (n ¼ 36; experiment 3) were collected from a slaughterhouse. Secondary follicles were isolated and selected at the laboratory as previously described. Considering that the 10 ng/ml insulin was the only treatment that differed from that of the control in the proportion of resumption of meiosis, it was chosen for this step of study (ultrastructural and quantitative PCR [qPCR] analyses). Based on the results obtained in experiments 1 and 2, the total number of secondary follicles obtained were cultured for 18 days in control medium without insulin and FSH (control), with insulin alone at concentration of 10 ng/ml (Ins), with FSH alone (FSH) or with insulin and FSH (Ins þ FSH). After the culture period, follicles were processed for ultrastructure analysis and qPCR.
To better examine follicular morphology, we used transmission electron microscopy (TEM) to analyze the ultrastructure of follicles from the fresh control, as well as from treatments that provided the best results regarding in vitro culture parameters. Groups (treatments) containing 10 isolated follicles were fixed in Karnovsky solution (4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer; pH 7.2) for 3 h at room temperature (RT; approximately 258C) and then embedded in droplets of 4% low-melting agarose. After three washes in sodium cacodylate buffer, specimens were post-fixed in 1% osmium tetroxide, 0.8% potassium ferricyanide, and 5 mM calcium chloride in 0.1 M sodium cacodylate buffer for 1 h at RT. Samples were then dehydrated through a gradient of acetone solutions and thereafter embedded in Spin-Pon resin (Sigma). Then, semithin sections (3 lm) were cut, stained with toluidine blue, and analyzed using light microscopy at a 4003 magnification. Ultrathin sections (60-70 nm) were obtained from preantral follicles classified as morphologically normal from semithin sections. Subsequently, ultrathin sections underwent contrast staining using uranyl acetate and lead citrate and examined using an FEI TEM (Morgani) operating at 80 kV.
For RNA isolation, three pools of 10 follicles from the 0 ng/ml insulin group and the 10 ng/ml group alone or with FSH were collected and stored in microcentrifuge tubes (1.5 ml), frozen in liquid nitrogen, and stored at À808C until RNA extraction. Total RNA was isolated using a TRIzol Plus purification kit (Invitrogen). The RNA preparations were submitted to DNase 1 and treated with the RNeasy Micro kit (Invitrogen Life Technologies). Complementary DNA (cDNA) was synthesized from the RNA (0.15 lg from each sample) using Superscript II RNase H-reverse transcriptase (Invitrogen Life Technologies).
The qPCR reaction was carried out at a final volume of 20 ll containing 1 ll of cDNA each, 13 Power SYBR Green PCR Master Mix (10 ll), 7.4 ll of ultrapure water, and 0.4 lM of both sense and antisense primers. Gene-specific primers for amplification of different transcripts are shown in Table 1 . Two candidate reference genes, b-actin and glyceraldehyde-3-phosphate-dehydrogenase (GADPH), were selected as endogenous controls to study the expression stability and for normalization of gene expression in all samples. Primer specificity and amplification efficiency were verified for each gene. The expression stability of these genes was analyzed using BestKeeper software. BestKeeper highlighted GAPDH as the reference gene with the least overall variation.
The cycle profile for the first PCR step was an initial denaturation and polymerase activation for 15 min at 948C, followed by 40 cycles of 15 sec at 948C, 30 sec at 608C, and 45 sec at 728C. The final extension was performed for 10 min at 728C. The specificity for each primer set was tested with a melting curve carried out between 608C and 958C for all genes. All amplifications were carried out in iQ5 (Bio-Rad). The delta-delta-threshold cycle method [19] was used to transform threshold cycle values into normalized relative expression levels.
Statistical Analysis
Analysis of follicular survival and antrum formation and retrieval of grown oocytes for IVM and meiotic resumption after in vitro culture were completed by counting the number of viable follicles in relation to all follicles available. For these discrete variables, analyses were carried out as a dispersion of frequency using the chi-square test, and results were expressed as percentages. Follicular diameter data (continuous variables) were submitted to the ShapiroWilk and Bartlett tests to verify normal distribution of residues and homogeneity of variances, respectively. Because requirements underlying ANOVA were present, ANOVA was executed using Proc Mixed software (2002; SAS) with Re-Peated statement to account for autocorrelation between sequential measurements. The model included the effects of treatment (insulin concentrations), time of culture, and their interactions. When main effects or interactions were significant, means were compared by the Student t-test. Because of the heterogeneity of variances, the Kruskal-Wallis nonparametric test was used to evaluate the results of the hormone assay. These results were expressed as the means 6 SD, and differences with a P value ,0.05 were considered significant.
For real-time RT-PCR treatment, the control samples were randomly assigned in blocks, and the relative expression values (2 ÀDDCt ) were subjected to the Shapiro-Wilk normality test using the univariate procedure of SAS version 9.0 software. The relative expression was logarithmically transformed [log 10 (X þ 1)] for normal distribution adjustment. Log-transformed relative expression was evaluated by analyzing the variance using the ANOVA procedure. Statistical significance of the differences between the control, and the treatments were assessed with the t test (P , 0.05) of SAS version 9.0 software.
RESULTS
A total of 509 secondary follicles (experiment 1, 156 follicles; experiment 2, 243 follicles; experiment 3, 110 
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follicles) were isolated from goat ovaries, while 406 were selected for in vitro culture. Figure 1 shows a goat ovarian follicle before culture (Fig.  1A ) and after 6 (Fig. 1B), 12 (Fig. 1C), and 18 (Fig. 1D ) days in culture, as well as the cumulus-oocyte before (Fig. 1E ) and after in vitro maturation (Fig. 1, F and G) . Follicles with extruded oocytes (Fig. 1H ) and those that were degenerated (Fig. 1I) are also displayed. The preantral follicles selected for cultivation had centrally located oocytes and granulosa cells surrounded by normal intact basement membranes (Fig. 1A) . However, some follicles in culture ruptured their basal cell membrane, presenting follicular extrusion rates ranging from 7.9% (0 ng/ml insulin, experiment 1, Day 18) to 27.1% (10 ng/ ml insulin, experiment 2, Day 18). Extrusion rates among treatments did not vary within each day of observation in their respective experiments (P . 0.05).
Follicular Survival from Goat Preantral Follicles Cultured In Vitro
The percentage of follicles that survived is shown in Figure  2 . In general, follicular survival, either in the presence or absence of FSH, decreased significantly from Day 0-12 in all the treatments, with no further significant alteration thereafter (Fig. 2, A and B) . When the treatments were compared with each other within the same culture period, only in the absence of FSH (experiment 1), with the insulin added at high concentrations (10 lg/ml), significantly reduced the follicular survival from Day 12 onward compared with the control group ( Fig. 2A, 0 ng/ml of insulin) .
Follicular Growth Rate
Average values related to follicular growth during in vitro culture of isolated goat preantral follicles are described in Figure 3 . Analysis of follicular diameter in both experiments showed a progressive and significant follicular growth in all treatments from Day 0 until Day 12 of culture. Moreover, only in the presence of FSH (Fig. 3B) was a further increase in diameter (P . 0.05) observed after 12 days of culture in the control medium without insulin and with the addition of 10 lg/ ml insulin. When the treatments were compared with each other, only in the absence of FSH (Fig. 3A) was it observed that from Day 12 onwards, growing follicles in the medium with 10 ng/ml and 10 lg/ml of insulin increased their follicular diameter compared with that of the control without insulin (P , 0.05) (Fig. 3) . When the FSH was absent, there was a highly significant effect of treatment (P , 0.0003), time (P , 0.0001), and the interaction between treatment and time (P , 0.0001). The presence of FSH did not influence insulin concentration (P , 0.0693), but it played a significant role in the cultivation time (P , 0.0001). There was a significant interaction between culture time and insulin concentration, which were significantly different only on Day 6 of culture (P, 0.0057). Table 2 shows the antrum cavity formation in goat ovarian follicles during in vitro culture. In general, the percentage of antrum formation increased significantly from Day 0 to Day 6 of culture in all treatments (with or without FSH). There were no subsequent significant increases, except in the control
Antral Cavity Formation
FIG. 1. Stereo photomicrography of normal goat ovarian follicles before culture (A) or cultured in vitro in the treatment group with insulin, 0 ng/ml plus FSH for 6 days (B), 12 days (C), and 18 days (D). Normal follicles from the insulin-free group (0 ng/ml insulin) with FSH after 6 days of culture showing the formation of the antral cavity (black arrow). E) Compact COCs obtained from 18-day cultured follicles in the presence of insulin (10 ng/ml) and expansion of their cumulus cells after maturation in vitro (F). G) Oocytes after enzymatic and mechanical stripping. H)
A follicle from a group with 5 ng/ml insulin showing an extruded oocyte after 18 days of culture. I) Degenerated follicles after 18 days of culture in a medium containing 10 lg/ml insulin, with darkening of the oocytes (white arrow). Bars ¼ 100 lm (A-D, F, H, I), 50 lm (E), and 150 lm (G). O, oocyte; GC, granulosa cells; A, antrum; cc, cumulus cells.
CHAVES ET AL. medium (0 ng/ml insulin) with FSH, which continued to show a progressive increase in antrum formation until Day 12 (P , 0.05). Only from the Day 12 culture in treatments without FSH did the addition of 10 lg/ml of insulin to the culture medium reveal a percentage of antrum formation significantly lower than that of the insulin-free control group (0 ng/ml). Table 3 shows oocyte recovery rates, oocyte diameter, percentage of viable oocytes, and chromatin configuration observed after in vitro culture in the absence (experiment 1) or presence (experiment 2) of FSH. For both experiments, at the end of in vitro culture, the mean diameters of oocytes from cultured follicles were similar to the insulin concentrations tested, ranging from 110.91 6 16.41 (treatment with 5 ng/ml insulin without FSH) to 127.72 6 15.38 (treatment with 5 ng/ ml insulin with FSH). At the time of recovery, the oocytes were viable, with homogeneous cytoplasm surrounded by at least two compact layers of cumulus cells.
Growth, Recovery Rate and Chromatin Configuration of Oocytes from Goat Preantral Follicles
In general, in experiment 1, oocyte recovery rates, the percentage of viable oocytes as well as oocytes resuming meiosis were unaffected by the addition of insulin (P . 0.05). In contrast, in the presence of FSH with the addition of 10 ng/ ml insulin, the meiosis resumption rate significantly increased compared with that in the insulin-free control, despite having caused a lower recovery rate in fully grown oocytes (P , 0.05). Moreover, the meiosis resumption rates with 10 ng/ml insulin were significantly higher than those of the other concentrations tested (except for 5 ng/ml insulin), having a greater number of oocytes with GV breakdown (n ¼ 12) and in MII (n ¼ 2). It is important to note that mature oocytes were observed only in treatments containing FSH. Figure 4 illustrates viable oocytes labeled with calcein-AM (Fig. 4 , A2-C2), presenting with a nucleus in GV (Fig. 4A 3 ) , MI (Fig.  4B 3 ) , and MII (Fig. 4C 3 ) . Figure 5 shows the E 2 levels in culture medium from ovarian follicles cultured with or without insulin (10 ng/ml) and/or FSH. According to levels shown in Figure 5 , only in the culture with FSH alone or in association with insulin was there a significant increase in estradiol levels from Day 6 to Day 12, after which the level remained. The levels of estradiol from treatment FSH associated with insulin were significantly higher than those with other treatments. 
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Effect of Insulin Alone or Associated with FSH on the Ultrastructural Features of Cultured Follicles
The ultrastructural pattern described below was observed in normal preantral and antral follicles from the fresh control as well as in all cultured follicles (Fig. 6) . TEM of isolated follicles (insulin 10 ng/ml alone or with FSH) at 18 days of culture was performed to assess the ultrastructure in comparison to normal follicles from the fresh control group (Day 0). At least five follicles per group were analyzed. Normal follicles contained an oocyte displaying a homogenous cytoplasm and ample round mitochondria with continuous membranes and a few peripheral cristae (Fig. 6, A-C) . Small Golgi apparatus cisternae (Fig. 6C ) and some vesicles (Fig. 6 , A-C) were also observed. Smooth endoplasmic reticulum was present, either as isolated aggregations or as a complex association with mitochondria (Fig. 6D) . Nuclei of oocytes were observed only in a few of the analyzed ultrathin sections due to the large diameter of studied follicles. Oocytes were usually round and well delineated by an intact nuclear envelope; a nucleolus could also be identified occasionally. Oocytes were surrounded by a well-developed zona pellucida, which was thicker in cultured follicles than in preantral follicles before culture, and contained a large number of transzonal processes (cytoplasmic projections) arising from both granulosa cells and the oocyte (Fig. 6, A-D) . Granulosa cells were small and showed a high nucleus-to-cytoplasm ratio (Fig. 6, A1-D1 ). Their irregularly shaped nuclei contained loose chromatin in the inner part and small peripheral aggregates of condensed chromatin, which was also often observed centrally in the nuclear matrix (Fig.  6A1, C1, D1) . The cytoplasm exhibited a great number of mitochondria with some elongated forms containing parallel cristae (Fig. 6C1) . A well-developed smooth endoplasmic reticulum and vesicles were also observed (Fig. 6A1, D1 ).
Expression for FSHR, INSR, and CYP19A1 in Goat Preantral Follicles Cultured In Vitro
The effects of insulin alone or associated with FSH were evaluated using FSHR, INSR, and CYP19A1 mRNA expression levels by real-time PCR (Fig. 7) . The mRNA expression levels for FSHR, INSR, and CYP19A1 were detected in all the treatments. After 18 days of culture, regardless of whether FSH was present, the addition of insulin (0 and 10 ng/ml) did not significantly affect the FSHR mRNA expression (Fig. 7A) . Interestingly, we found that the addition of FSH to the culture medium significantly reduced INSR mRNA expression compared with that of the control (0 ng/ml insulin) and insulin (10 ng/ml) treatments. Nevertheless, the opposite effect on this parameter was observed when FSH was associated with insulin ( Fig. 7B) . Finally, the highest levels of mRNA expression for CYP19A1 were observed when FSH was associated with insulin (P , 0.05) (Fig. 7C) .
DISCUSSION
Although the role of insulin as a regulator of growth and steroidogenesis in ovarian tissues is well documented, the TABLE 3 . Mean oocyte recovery rates 6 SD after culture, oocyte diameter (including the zona pellucida), percentages of viable and germinal vesicle stage oocytes, resumption of meiosis, and configuration chromatin observed in oocytes from preantral follicles grown in vitro in medium in the absence (experiment 1) or presence (experiment 2) of FSH.
Treatments with insulin
Oocyte recovery rate (%) !110 lm (n/total) Oocyte diameter (n/total) Oocyte viability (%) (n/total)
Germinal vesicle (%) (n/total)
Resumption of meiosis (%) (n/total)* CHAVES ET AL.
effect of insulin at lower concentrations on isolated goat preantral follicular cultures has not been previously examined. For the first time, the present study evaluated the effect of different concentrations of insulin alone or in association with FSH on the in vitro culture of isolated goat preantral follicles and their effects on the expression of FSHR, INSR, and CYP19A1 mRNA levels in ovarian follicles after culture. The study of goat follicular maturation in vitro is relevant because these animals are exist worldwide, have social and economic importance in many countries, and may be a potential in vitro model for humans. In this study, only the addition of a high insulin concentration (10 lg/ml), in the absence of FSH, reduced follicular survival starting from Day 12 of culture compared with that in the control. Insulin is commonly used in cultured cells and tissues to increase cell viability due to its ability to remove proapoptotic molecules and phosphatidylinositol-3 kinase activation [20, 21] . In addition, insulin regulates important intracellular processes, such as amino acid transport, glucose and lipid metabolism, gene transcription, and protein synthesis [22] . However, at high concentrations, insulin appears to have a toxic effect on follicle cells. This hypothesis was corroborated by recent studies showing that basic culture medium containing 10 lg/ml insulin (ITS) have not been able to maintain ultrastructural integrity and, therefore, the viability of caprine preantral follicles cultured for 7 days [23, 24] . In contrast to our results, the findings of Xu et al. [25] demonstrated that in vitro culture of isolated secondary follicles from Rhesus monkeys for 40 days with high-dose insulin (5 lg/ml) did not impair survival and also promoted a greater follicular growth than the culture with 50 ng/ml insulin. This discrepancy may be attributed to culture conditions (for instance, insulin concentration and period of culture) and the difference between the species. When FSH was added to the medium, it was found that follicular survival was no longer hampered by the high insulin concentration (10 lg/ml), suggesting that the beneficial effects of FSH on follicular survival overlaps with the negative effects of insulin alone at high concentrations. In goats, the beneficial effects of FSH on follicle survival have been well established [16, 26] . 
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In relation to follicular growth, although FSH in combination with insulin seems to provide follicles with larger diameters, the present study found a significantly higher follicular diameter after using insulin (5 and 10 ng/ml and 10 lg/ml) in the absence of FSH. The lack of additional effects of insulin in the presence of FSH may be due to the known effect of FSH on follicular growth. Insulin appears to stimulate proliferation of the granulosa cells in a concentrationdependent manner [27] . It is known that insulin has specific effects on granulosa and theca cell function [28] and on several growth factors such as insulin-like growth factor I (IGF-1). Insulin stimulates granulosa and thecal cell proliferation and mitogenesis and synergizes with gonadotropins to stimulate granulosa and thecal cell steroidogenesis [11] . Several studies in different species have shown that the association between insulin and FSH favors follicular growth in cattle [29] , primates [30] , buffalo [31] , and goats [16] .
The current study demonstrated that, despite the presence of FSH and/or insulin, all the treatments promoted a significant increase in antrum formation by Day 6. These results are in disagreement with those reported in the study by Itoh et al. [32] , which revealed that the addition of insulin alone initiated antrum formation within 7 days of culture, while preantral follicles grown in the control basal medium without insulin throughout the entire culture period failed to form an antral cavity. As observed for the follicular diameter in our study, FSH had no additional effect on antrum formation, which is confirmed by a previous study reporting that FSH is not required in vivo until antrum formation [33] .
The parameters evaluated in the oocyte showed that in the absence of FSH, insulin did not affect the oocyte recovery rate, the percentage of viable oocytes, or the percentage of oocytes that resumed meiosis. On the other hand, only in the presence of FSH did the addition of 10 ng/ml insulin increase the meiotic resumption rate compared with the control-free insulin group, enabling the production of mature oocytes (MII). Concurrent use of gonadotropins and insulin was considered optimal for the culture of preantral follicles in mouse [34] . Amsterdam et al. [35] agreed that a combined treatment with insulin and FSH markedly increased gap junction and microvilli formation and enhanced the development of the smooth endoplasmic reticulum and the Golgi complex relative to treatment with either hormone alone. However, it has been reported that mammalian oocyte or follicle growth, in the presence of prolonged elevated insulin levels, has a negative impact on oocyte developmental competence [36] . This fact confirms our results, where the presence of FSH with or without high insulin concentrations (10 lg/ml) was not satisfactory to promote meiotic resumption in oocytes from goat preantral follicles. This suggests that high insulin levels in vitro may induce a delay in meiotic resumption. These findings are especially relevant because 10 lg/ml insulin is widely used in goat ovarian follicle culture, such as an ITS component.
Based on the results concerning survival, growth, and meiotic resumption, the goat follicles cultured in 10 ng/ml insulin with or without FSH were submitted to ultrastructural analysis and qPCR. All follicles examined, noncultured or cultured for 18 days, showed an ultrastructure pattern that was normal. This fact proves that the culture conditions using insulin at 10 ng/ml, within the physiological range of insulin concentration reported in biological fluids (0.5-10 ng/ml) [37] , was able to maintain cell ultrastructure similar to that found in vivo (noncultured control), even after a prolonged period of in vitro culture.
After 18 days of in vitro culture, the follicles cultured with insulin alone or combined with FSH did not alter their relative FSHR mRNA expression levels. Similar to our study, the study by Sánchez et al. [7] demonstrated that transcript levels in oocytes from antral follicles treated with an elevated FSH dose but exposed to low insulin levels were not different from those obtained from oocytes from in vivo-primed mice. Some studies report that insulin acts directly, increasing the expression of FSHR [5, 38] . However, this was not observed here.
On the other hand, it was found that supplementation of the medium with the combination of insulin (10 ng/ml) and FSH promoted an increase in INSR mRNA levels. Insulin acts through its own receptor to modulate the response of granulosa cells to gonadotropins [10] . Interestingly, goat ovarian follicles cultured in the presence of FSH alone had a lower expression for INSR. The new results described here show that the expression for INSR is closely related to the association between FSH and insulin. Similar to the results found in this study regarding goat follicles, Shimizu et al. [5] suggested that FSH may regulate the expression of the INSR gene in bovine GCs. In addition, in vivo, FSH can influence granulosa cell responses to insulin via the regulation of receptors for insulin and IGF-1 [39] .
The combination of FSH and insulin (10 ng/ml) also showed the highest levels of mRNA expression for CYP19A1, which were associated with the highest level of estradiol 
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production. In the ovary, CYP19A1 is a steroidogenic enzyme that is crucial for catalyzing estrogen from androgens [40] . The primary stimulator for CYP19A1 expression and enzyme activity is FSH, as demonstrated in ruminants [41, 42] . However, Silva and Price [12] also reported that insulin has an essential role for CYP19A1 expression. Aromatase activity is stimulated by low doses of FSH when insulin is present at 0.5 to 10 ng/ml, whereas this response is lost in the presence of higher (100 ng/ml) concentrations of insulin. Insulin acts through its own receptor to modulate the response of granulosa cells to gonadotropins [10] . Insulin at physiological concentrations enhances estradiol production in granulosa cells [10] . In monkeys, insulin associate with FSH has been shown to promote theca and granulosa cell steroidogenesis [25] .
In conclusion, low concentrations of insulin (10 ng/ml) with FSH were more efficient in promoting oocyte meiosis resumption in goat preantral follicles. This combination of hormones also stimulated follicular development and maintained follicular survival as well as increased estradiol secretion. In addition, the interaction of the two hormones (FSH and insulin) positively influenced the mRNA expression for INSR and CYP19A1 after culture. The results of this study highlight how prolonged exposure to elevated levels of insulin during follicular growth may compromise oocyte maturation. Thus, we have revealed how a new basic medium, combining FSH and low concentration of insulin, can influence the development of in vitro isolated preantral goat follicles. For the first time, this study shows how these hormones influence follicle growth, oocyte maturation, estradiol secretion and mRNA expression for INSR, FSHR, and CYP19A1 in this species.
